Abstract. The response of seasonal soil freeze depth to climate change has repercussions for the 14 surface energy and water balance, ecosystems, the carbon cycle, and soil nutrient exchange. The Cryosphere Discuss.,
conclude that air temperature increases are responsible for the decrease in soil seasonal freeze 23 depth during this period. Changes in snow depth and vegetation are negatively correlated with soil 24 freeze depth. These results are important for understanding the soil freeze/thaw dynamics and the 25 impacts of soil freeze depth on ecosystem and hydrological process. 26
Introduction 27
There is a globally averaged warming trend of 0.85°C during 1880-2012 based on 28 multiple land and ocean surface temperature dataset (IPCC, 2014) . Given that all of the 29 cryosphere's components are inherently sensitive to air temperature changes on different time 30 scales, cryospheric changes serve as indicators of climate change. Frozen ground is an important 31 component of the cryosphere. Permafrost regions underlay approximately 24% of the exposed 32 land surface of the Northern Hemisphere (Zhang et al, 1999) , and seasonally frozen ground 33 regions occupy 57% (Zhang et al., 2003) ,. China is the country with the third-largest frozen 34 ground extent in the world, with a permafrost area of ~2.20×10 6 km 2 , or approximately 23% of its 35 land area, mainly on the Tibetan Plateau; regions with seasonally frozen ground occupy more than 36 80% of the land area (Zhou et al., 2000) . Under warming climate conditions, frozen ground 37 regions are vulnerable to subsidence, especially ice-rich permafrost and relatively warm 38 discontinuous permafrost (Osterkamp et 1970s. Some station records end around the 1990s while others are available through 2005. These 111 data were used to assess the influence of seasonal snow cover on soil freeze depth. 112
Normalized differential vegetation index 113
The NDVI dataset used in this study is from the Global Inventory Modeling and Mapping 114 Studies (GIMMS) team, available for 1982-2006. NDVI is derived from NOAA AVHRR data, 115 available at 15-day temporal resolution, and an 8-km spatial resolution. (Tourre et al., 2008) . 116
Methods 117
Daily missing air temperatures are filled in based on highly correlated neighboring sites 118 using linear least squares regression. Similarly, daily missing mean ground surface temperatures 119 are estimated using linear regression with the daily mean air temperature. Based on the daily air 120 temperature and ground surface temperature in each site, we can calculate the mean annual air 121 temperature (MAAT) and mean annual ground surface temperature (MAGST) at each site, 122 respectively. 123
To improve the original 0.5°×0.5° MMGAT data to a 1-km resolution, spatial 124 interpolation was used in conjunction with the 1-km resolution DEM (e.g., Willmott and Matsuura, 125 1995; Gruber et al., 2012). The data processing steps are to (1) calculate the average monthly 126 atmospheric lapse rate based on all available meteorological stations across China and their 127 elevations; (2) bring each average monthly gridded air temperature value to sea level using the 128 average monthly lapse rate; (3) apply a Kriging interpolation to the sea-level adjusted MMGAT; (4) 129 bring the gridded sea-level air temperature back to the DEM-gridded height. Based on more than 130 800 sites, we test the interpolated MMGAT and observational monthly air temperature, and find 131 that the regression coefficient is almost 1.0 with a minimum of 0.98 in April. 132
The Cryosphere Discuss., doi:10.5194/tc-2016-129, 2016 Manuscript under review for journal The Cryosphere We calculate the annual maximum snow depth (SND) from the daily data for 1 July-30 141 June, and match up those snow depth stations with the soil temperature stations. If there is missing 142 data in the spring, autumn and winter season of one station, this station data will not be used. 143
Various methods are available to calculate the soil freeze depth. For example, it can be 144 estimated directly from soil temperature, from physical and statistical models, and based on the 145 Stefan solution. In this study, we use the Stefan solution to estimate soil freeze depth, which is 146 determined using equation 1: 147
where SFD is soil freeze depth (m), Kf is the thermal conductivity of the frozen soil (W/mºC), nf 149 is the n-factor for the freezing season and corresponds to the ratio between the surface freezing 150 index and the air freezing index (Peng et al., 2016) , FIa is the annual air freezing index (ºC•d), Pb 151 is the soil bulk density (kg/m 3 ), w the soil water content by weight, and L the latent heat of fusion 152 (J/kg) (Zhang et al., 2005) . In equation 1, many site-specific factors are required to estimate SFD, 153 which are not easily obtained, particularly at the regional scale. Based on the SFD and annual 154
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freezing index at observational sites, however, we can quantify the relationship between these two 155 parameters ( Figure 2 ) and find a strong and statistically significant correlation of R=0.87. Thus, 156 the relationship between SFD and the annual freezing index can be simplified (Harlan and Nixon, 157 1978) as: 158
Where E is defined (Nelson and Outcalt, 1987) as: 160
To estimate the SFD at the regional scale across China, we first calculate SFD for every 162 observational station by interpolating the depth of the 0°C isotherm throughout the 0.0～3. all stations we use the SFD, FIa, and equations 2 and 3. Then, we interpolate the E value to the 166 regional scale at 1-km resolution using kriging in ArcGIS. The SFD is estimated across China 167 based on equation 2, the 1-km E value, and FIa. We can then estimate the regional-scale SFD for 168 each year from 1950 to 2009 across China, and obtain the mean decadal SFD. Finally, using 169 regression analysis, we estimate the SFD trend at the regional scale across China. 170
From the 1-km scale E factor values, we can extract every site's E factor based on the 201 sites' latitude and longitude. Then, the air freezing index from the sites is used to calculate the There are several possible reasons for these observed SFD differences in the northwest of China. 220
In the desert, the mean annual air temperature is higher and the elevation is lower than in the 221 surrounding Altai, Tianshan, and Pamir Mountains. Precipitation in the desert is lower, which can 222 affect the soil moisture and the soil thermal conductivity, such that low soil moisture is related to 223 low thermal conductivity. Vegetation cover can also influence the albedo and temperature, 224 affecting the SFD. The albedo in the desert is larger than the vegetated regions, which can affect 225 the net solar radiation, resulting the shallower SFD in desert regions. Combined, these possible 226 factors can account for the spatial differences in SFD in the northwest of China. The subsurface soil only indirectly receives a climatic signal, which is furthermore altered by 299 site-specific soil processes (e.g., thermal conductivity and analogous soil properties). Vegetation is 300 a likely non-climatic factor that influences the soil freeze depth (Shiklomanov, 2012). Thus, we 301 investigate vegetation using NDVI (Peng et al., 2013 ) and find it is significantly correlated with 302 SFD at -0.80, suggesting that 64% of the variability in SFD can be accounted for by NDVI. The 303 statistically significant negative correlation demonstrates that when NDVI increases (more 304 greening), this corresponds to a decrease in SFD (Figure 10) . 305
Discussion 306
Soil freeze-thaw changes involve a series of processes, such as energy exchanges, soil 307 moisture exchanges, and gases exchanges between the atmospheric and terrestrial system. 
Climatic and non-climatic factors 316
The The vegetation and SFD, the detailed physical mechanism will require further future work. 366
Summary and Conclusions 367
In this study, we conducted a comprehensive regional-scale investigation of SFD over 368 The 
